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Available online 5 March 2008Downstream components of the canonical Wnt signaling pathway that result in the nuclear localization of
β-catenin are involved in diverse developmental processes including the formation of the mesendoderm, the
regulation of axial properties and asymmetric cell divisions in a wide array of metazoans. The nemertean
worm, Cerebratulus lacteus, represents a member of the understudied lophotrochozoan clade that exhibits a
highly stereotyped spiral cleavage program in which ectodermal, endodermal, and mesodermal origins are
known from intracellular fate mapping studies. Here, the embryonic distribution of β-catenin protein was
studied using injection of synthetic mRNA, encoding GFP-tagged β-catenin, into fertilized eggs. During the
early cleavage stages β-catenin was destabilized/degraded in animal hemisphere blastomeres and became
localized to the nuclei of the four vegetal-most cells at the 64-cell stage, which give rise to deﬁnitive larval and
adult endoderm. Functional assays indicate that β-catenin plays a key role in the development of the
endoderm. Morpholino knockdown of endogenous β-catenin, as conﬁrmed by Western analysis, resulted in
the failure to gastrulate, absence of the gut and an animalized phenotype in the resulting larvae, including the
formation of ectopic (anterior) apical organ tissue with elongated apical tuft cilia and no indications of
dorsoventral polarity. Similarly, over-expression of the cytoplasmic domain of cadherin or a β-catenin-
engrailed repressor fusion construct prevented endoderm formation and generated the same animalized
phenotype. Injections of mRNA encoding either a stabilized, constitutively activated form of β-catenin or a
dominant negative form of GSK3-β converted all or nearly all cells into endodermal fates expressing gut-
speciﬁc esterase. Thus, β-catenin appears to be both necessary and sufﬁcient to promote endoderm formation
in C. lacteus, consistent with its role in endoderm and endomesoderm formation in anthozoan cnidarians,
ascidians, and echinoderms. Consistent with the results of other studies, β-cateninmay be viewed as playing a
role in the development of posterior/vegetal larval fates (i.e., endoderm) in C. lacteus. However, unlike the case
found in polychaete annelid and soil nematode embryos, there is no evidence for a role of β-catenin in
regulating cell fates and asymmetric cell divisions along the entire anterior–posterior axis.
© 2008 Elsevier Inc. All rights reserved.Keywords:
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β-Catenin is a multifunctional protein that plays key roles in cell
adhesion, through its association with the cadherin complex, and in
regulating gene expression, most notably as a downstream target of
the canonical Wnt/β-catenin signaling pathway (see Fig. 1A; Miller
and Moon, 1996; Polakis, 2000; Huelsken and Birchmeier, 2001;
Schneider et al., 2003). Wnt/β-catenin signaling has been shown to
play diverse roles in developmental processes, including germ layer
formation (Thorpe et al., 1997; Rocheleau et al., 1997; Wikramanayake
et al., 1998; Logan et al., 1999; Imai et al., 2000; Miyawaki et al., 2003a,
b), neural patterning (Huelsken and Birchmeier, 2001) and embryonic
polarity formation (Nüsslein-Volhard and Wieschaus, 1980; Kaletta et
al., 1997; Heasman et al., 1994; Kelly et al., 1995, 2000; Wylie et al.,l rights reserved.1996; Pelegri andMaischein,1998;Wikramanayake et al., 1998; Logan
et al., 1999; Imai et al., 2000; Polakis, 2000; McClay et al., 2000;
Huelsken and Birchmeier, 2001; Lin et al., 1998; Miyawaki et al., 2004;
Niehrs, 2004; Takeshita and Sawa, 2005; Holland et al., 2005; Hilliard
and Bargmann, 2006; Huang et al., 2007; Schneider and Bowerman,
2007; Gurley et al., 2008; Petersen and Reddein, 2008). Wnt/β-catenin
signaling is one of a handful of cell signaling cascades used by all
metazoans in various contexts, and it has been difﬁcult to unravel the
ancestral function of β-catenin in animal development.
One of the earliest and most common developmental roles for
β-catenin appears to be in gastrulation and the formation of the
endoderm and/or endomesoderm in various organisms such as sea
urchins, starﬁsh, ascidians, and nematodes (Fig. 1B; Schneider et al.,
1996; Rocheleau et al., 1997; Thorpe et al., 1997; Logan et al., 1999;
Imai et al., 2000; Miyawaki et al., 2003a,b). The nuclear localization of
β-catenin is also involved in endoderm formation in the anthozoan
cnidarian, Nematostella vectensis suggesting that a role of β-catenin in
Fig. 1. (A) Simpliﬁed diagram illustrating some of the key components involved in the canonical Wnt/β-catenin signaling pathway, which have been inferred from a variety of studies
(elements enclosed inwhite ovals). For the sake of simplicity, not all protein interactions are included in this diagram.Wnt proteins interact with transmembrane receptors including
frizzled to activate dishevelled. dishevelled, along with other proteins serves to inactivate GSK3β, permitting the accumulation of β-catenin, which may be translocated to the
nucleus. β-Catenin is able to interact with various transcription factors including TCF and LEF to activate speciﬁc downstream gene targets in the nucleus. Without the action of
dishevelled, activated casein kinase I (ε) (not shown here) and GSK3β phosphorylates β-catenin (P), targeting the degradation of β-catenin via ubiquitination and the proteasome.
β-Catenin also interacts with cadherins including α- and E-cadherin and serves a function in the activity of cell–cell adhesion complexes. Shown in red (inhibitors) and green
(activators) are tools used in this study to modulate the activity of β-catenin. For instance, a morpholino may be used to prevent translation of β-catenin mRNA. Likewise, cadherin
(e.g., LvCadherin) may also be over-expressed to titrate the available levels of β-catenin. Speciﬁc gene targets of β-catenin may also be inactivated by expressing β-catenin coupled to
the engrailed repressor (β-catenin-en). A constitutively activated form of β-catenin may be expressed that lacks a critical phosphorylation site for GSK3β (XBC69*), which normally
controls the subsequent degradation of β-catenin via ubiquitination (Ub) and targeting to the proteasome. Alternatively, the pathway may be activated, by over-expression of a
dominant negative form of Xenopus GSK3β (dnGSK3β), which is unable to phosphorylate β-catenin. Note also that aside from β-catenin (as shown in the present study), there is no
available evidence that Wnt genes, per se, play a role in early development in C. lacteus. (B) Patterns of nuclearized β-catenin found in early embryos of representative metazoans
(green). In all cases the animal pole is located at the top where the tiny polar bodies are illustrated and the vegetal pole is located at the bottom. In the sea urchin β-catenin is
stabilized and nuclearized in vegetal precursors of the endoderm and mesoderm at the site of gastrulation. The vegetal pole corresponds to the aboral pole. In the sea anemone
β-catenin is stabilized and nuclearized in animal precursors of the endoderm at the site of gastrulation. The embryonic animal pole typically corresponds to the initiation site of ﬁrst
cleavage and the future oral pole (and the posterior pole of the planula larva). In both the nematode and the polychaete annelid, β-catenin is typically stabilized and nuclearized
predominantly in vegetal/posterior precursors resulting from each set of divisions with daughters separating along the animal–vegetal axis. In both these examples the embryonic
vegetal pole corresponds to the posterior pole of the larvae and adult stages. In the nemertean C. lacteus (as established in the present study) β-catenin is stabilized and nuclearized in
vegetal precursors (macromeres) giving rise to endoderm located at the site of gastrulation. The vegetal pole corresponds to the posterior pole of the pilidium larva (but not the adult
worm, see text for further discussion). Diagrams shown in B are modiﬁed after those of Schneider and Bowerman (2007).
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bilaterally symmetrical phyla (Fig. 1B; Wikramanayake et al., 2003).
However, in vertebrates, β-catenin is not required for the speciﬁcation
of the endoderm or mesoderm, but is involved in dorsalizing
mesoderm, and establishes Nieuwkoop/Spemann organizer activity
of the vegetal/dorsal (e.g., posterior) blastomeres (Wylie et al., 1996;
Schneider et al., 1996; Larabell et al., 1997; Harland and Gerhart, 1997).
Furthermore, detailed genetic analyses in the soil nematode, C. elegans
have shown that the role of nuclear β-catenin may be much broader,
playing roles in polarized cell divisions and establishing asymmetric
daughter fates along the entire anterior–posterior axis (including
those divisions giving rise to endodermal progenitors, Fig. 1B;
Nüsslein-Volhard and Wieschaus, 1980; Kaletta et al., 1997; Lin et
al., 1998; Park and Priess, 2003; Miyawaki et al., 2004; Niehrs, 2004;
Holland et al., 2005; Takeshita and Sawa, 2005; Hilliard and
Bargmann, 2006; Phillips et al., 2007; Huang et al., 2007; Gurley et
al., 2008; Petersen and Reddein, 2008). A similar role for β-catenin in
binary cell fate decisions has recently been proposed for a protostome
annelid, the polychaete, Playtneries dumerilii (Fig. 1B, Schneider and
Bowerman, 2007), which belongs to the lophotrochozoan superclad.
Most recently in the planarian, Schmidtea mediterranea, β-cateninwas
shown to play a role in anterior–posterior blastema polarity during
regeneration (Petersen and Reddein, 2008; Gurley et al., 2008). Theloss of β-catenin function anteriorizes blastemal derivatives during
regeneration. These diverse ﬁndings, obtained from a handful of
species, point to fundamental differences in the deployment of β-
catenin in different metazoan clades, and clearly warrants further
investigation.
Here we examine the localization and function of β-catenin in a
protostome marine invertebrate, the nemertean Cerebratulus lacteus.
C. lacteus is an indirect-developing heteronemertean exhibiting an
equal spiral cleavage pattern seen during development in other
lophotrochozoans (e.g., molluscs, polyclad ﬂatworms, echiurans, and
polychaete annelids). C. lacteus offers signiﬁcant advantages as a
system to study embryonic development and the role of various
developmental genes, including β-catenin. The embryos exhibit a
sterotypic cleavage pattern, and development to the pilidium larval
stage is rapid (1–2 days). These larvae are transparent, which permits
visualization of internal structures. Furthermore, C. lacteus embryos
can be readily obtained during the summer months and the
extraembryonic chorion can be easily removed by simple mechanical
means for experimental manipulations and microinjection (Hörsta-
dius, 1937, 1971; Freeman, 1978; Henry and Martindale, 1994, 1996,
1998; Martindale and Henry, 1995).
C. lacteus is one of only a small number of spiral-cleaving species
for which a fate map has been established for each blastomere
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and Martindale, 1998). Those studies indicate that the endoderm is
generated by cells residing at the vegetal pole (which includes
derivatives of the four third quartet macromeres), while the opposing
animal pole micromeres generate ectoderm and the apical organwith
an elongated tuft of apical cilia (Figs. 2A, B). Mesoderm arises from two
populations of cells that include ectomesodermal precursors derived
from the vegetal third quartet micromeres (i.e., cells 3a and 3b), and a
single vegetal endodermal progenitor, the mesentoblast, 4d (Henry
and Martindale, 1998; Hejnol et al., 2007). The ﬁrst two cleavage
divisions, which lead to the four-cell stage, are equal (Henry and
Martindale, 1998), and inductive interactions between derivative of
the animal ﬁrst quartet micromeres and vegetal macromeres specify
the D quadrant that sets up the dorso-ventral axis (Henry, 2002).
These traits are argued to have been present in the ancestor of all
spiralian lophotrochozoan phyla (Freeman and Lundelius, 1992).
We show in C. lacteus that GFP-tagged β-catenin is differentially
stabilized along the animal–vegetal axis, ultimately being translocated
into the nuclei of the four vegetal macromeres that contribute to the
endodermal, digestive tract (Fig. 1B). Loss-of-function and gain-of-
function assays revealed that β-catenin plays a key role in gastrula-
tion, the speciﬁcation of the endoderm, and establishment of dorso-Fig. 2.Diagram of early development (A) and summary of general cell fates (B) derived fromv
four blastomeres that subsequently give rise to tiers of animal micromeres (quartets). The e
vegetal plate invaginates to generate the endoderm of the digestive tract. The larval mouth (
digestive tract. Morphogenesis leads to the formation of the pilidium larva with a single, elon
bilateral pair of ciliated lappets that ﬂank the stomodeum. (B) The ﬁrst six sets of cell divisio
fourth quartets and their progeny) and four vegetal macromeres (i.e., 4A–4D) positioned al
(Henry and Martindale, 1998). Larval ectomesoderm (muscle) is derived from 3a and 3b, wh
highlight the progressive restriction of apical organ/tuft (orange) and endoderm (green) p
derived from the animal progeny of the ﬁrst quartet micromeres. The endoderm is ultima
animal; V, vegetal.ventral polarity in C. lacteus. These ﬁndings support an ancestral role
for β-catenin in the axial restriction of endodermal fates, and in
controlling the vegetal/posterior character of cell fates along the
animal–vegetal or larval anterior–posterior axis.
Materials and methods
Preparation and culture of embryonic material
Adult specimens of C. lacteus were obtained by the Marine Resources Department
of the Marine Biological Laboratory (Woods Hole, MA). Gametes were prepared as
described by Martindale and Henry (1995). To facilitate microinjection, the chorions of
freshly fertilized eggs were removed using 170 μm Nitex mesh and the embryos were
raised in gelatin-coated dishes, as previously described (Henry and Martindale, 1998).
Embryos were raised in 0.2 μm ﬁltered sea water (FSW) at room temperature (20 °C).
Penicillin (100 U/ml) and streptomycin sulfate (200 μg/ml) were added to prevent
bacterial growth. Embryos and larvae were ﬁxed in 4% formalin in FSW for 1 h at room
temperature followed by three 10 min washes in phosphate buffered saline (PBS,
0.175 mM NCl, 8.41 mM Na2PO4, 1.86 mM NaH2PO4) and stored at 4 °C.
Cloning of Clβ-catenin
Total RNA was extracted with Tri Reagent (Molecular Research Center, Cincinnati,
OH) following the manufacturer's instructions from mixed developmental stages,
including early cleavages, gastrulae and pilidium larvae. First strand cDNA was
generated from C. lacteus total RNA using the SMART RACE cDNA Ampliﬁcation Kitarious tiers of blastomeres formed during early cleavage. (A) Early cell divisions establish
mbryo forms a hollow blastula with a thickened vegetal plate. During gastrulation, the
stomodeum, derived from the blastopore) represents the opening of the archenteron or
gated apical tuft of cilia protruding from the apical organ at the animal pole, as well as a
ns give rise to a 64-cell stage embryo containing four tiers of micromeres (ﬁrst through
ong the animal–vegetal axis, as shown. General derivatives of these cells are as shown
ile 4d represents the mesentoblast, which generates adult mesoderm. These diagrams
rogenitor cells through successive stages. Note that the apical organ/tuft is ultimately
tely derived from both fourth quartet micromeres and fourth quartet macromeres. A,
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coding region along with the 5′ and 3′ untranslated regions. A large cDNA clone
(1065 bp encoding 355aa, corresponding to amino acids 308–656 of the mouse
β-catenin gene) was initially recovered from C. lacteus by RT-PCR using degenerate
primers corresponding to conserved sequences in armadillo repeats 5 and 12 (up-
stream 5′-CARATHYTNGCNTAYGGNAAYCA-3′ and downstream 5′-GCNGCRTANGTNGC-
NACNCCYTC-3′). The recovered sequence information was used to design primers for
3′ and 5′ Rapid Ampliﬁcation of cDNA Ends (RACE). From this initial fragment, sequence
was extended by three sequential rounds of 5′-RACE and three sequential rounds of
3′-RACE to recover the entire gene. In sequence, gene speciﬁc primers for 5′-RACE were
as follows (5′–3′): BcatRace5A: CCCTACCTGGCAGACAGTGACCTTGTTACG; BcatRace5B:
GCCGCCCGCACACGTTGGGATCGTGTCTG; BcatRace5C: GAGGGCGCTTGTGTGGTT-
GCTCCAGACTGGATACCAG. In sequence, gene speciﬁc primers for 3′-RACE were as
follows (5′–3′): BcatRace3A: CCAGGGTGTTGAAGGTGCTGTCCGTGTGTTCGAGTAACA-
AACC; BcatRace3B: CTTGCTCGAGAAGGTCACAACCGTGCAGTCATCCGTG. The latter was
used in conjunction with the 3′RACE nested primer: BcatRace3C: CACCTGTTGGG-
AACATCCAGCGTGTTGCTGCCGGTG. Fragments were puriﬁed using QiaQuick Gel
Extraction Kit (Qiagen, Germantown, MD), cloned into TA cloning vector pGEM-T
Easy (Promega, Madison, MI), and sequenced. RACE fragments were assembled using
Sequencher software (Gene Codes, Ann Arbor, MI) and full-length C. lacteus β-catenin
was as reampliﬁed from ﬁrst strand cDNA using a high-ﬁdelity Platinum Taq
polymerase (Invitrogen, Carlsbad, CA) and cloned into pGEM-T Easy vector. The full
nucleotide sequence can be obtained from NCBI (accession number EU307105).
Gut esterase staining
Differentiated endodermal cells of C. lacteus were labeled using a simple
histochemical staining reaction for gut speciﬁc esterase (Freeman, 1978). The
components for this staining reaction were obtained as a kit from Sigma (#91A-1KT,
St Louis, MO). Diazonium chloride salt was prepared by incubating equal volumes of
NaNitrite (30 μl of 0.1 M) and Fast Blue BB Base solution (30 μl of 15 mg/ml in 0.4 M HCl)
for 2 min at RT. The reactive salt is then stabilized by quickly adding 1.2 ml distilled
water pre-warmed at 37 °C along with 150 μl Trizmal buffer (1 M, pH 7.6) followed by
gentle mixing and ﬁnal addition of 30 μl of α-Napthol acetate solution (12.5 mg/ml in
methanol), followed by gentle mixing. The light-green solution was then incubated at
37 °C for 30 min in the dark with a small volume of ﬁxed larvae previously washed with
PBS (3 times for 5 min). Reactions were stopped by washing the larvae quickly three
times in distilled water, and the larvae were then mounted in 80% glycerol in PBS
containing Hoechst 33342 (diluted 1:10,000, Molecular Probes, Eugene, OR) for
visualization of chromosomes/nuclei. Cells expressing gut esterase are labeled with a
dark brown/black precipitate.
Phalloidin staining of ﬁlamentous actin
Some larvae were examined for the presence of ﬁlamentous actin in differentiated
muscle cells and other tissues, using Bodipy-phallacidin (Molecular Probes, Eugene, OR)
following the protocol of Martindale and Henry (1995). Brieﬂy, ﬁxed larvae were
washed 10min in PBT (PBS and 0.2% Tween 20) and incubated overnight at 4 °C in Alexa
488 labeled phalloidin (2.5 μg/100 μl PBT). Stained larvae were ﬁnally washed threeFig. 3. (A) Diagram of the basic protein structure of C. lacteus β-catenin, which is similar to tha
armadillo repeat regions. Conserved binding sites for α- and β-catenin are also identiﬁed alo
the N-terminal domain (asterisk). (B) 5′ nucleotide sequence of C. lacteus β-catenin located
designed to knockdown translation in this study. (C) Comparison of the C-terminal amino ac
antibody production, as shown. Cv-B-cat 2956, represents the C-terminal amino acid seque
peptide and corresponding β-catenin antibody. Anti-p14L represents the conserved C-termin
to prepare the peptide and corresponding antibody, as well as others including Sigma's β-cate
indicate gaps in the amino acid sequence alignments.times for 10 min in PBT and mounted in 80% glycerol in PBS with Hoechst 33342, as
described above (Martindale and Henry, 1995).
Morpholinos
A ﬂuorescent lissamine-tagged morpholino targeting C. lacteus β-catenin mRNA
was designed by Gene Tools Inc. (Philomath, OR) to recognize a short region spanning
the 5′UTR and the translation start site of C. lacteus β-catenin (Fig. 3). A lissamine-
tagged standard control morpholino was also injected as a negative control (5′-CCT-
CTTACCTCAGTTACAATTTATA-3′), designed against the human globin intron. The
morpholinos were dissolved at a concentration of 1 mM in ultrapure distilled water
(Sigma, St Louis, MO) following the manufacturer's recommendations (equal to 9.17 ng/
nl β-catenin morpholino, and 9.7 ng/nl of control morpholino) and stored at −80 °C.
Thawed aliquots were heated to 65 °C for 10 min to ensure that they were completely
dissolved and stored at 4 °C during use.
mRNA synthesis
Linearized template was generated from plasmid clones containing constitutively-
activated Xenopus β-catenin coupled with GFP (XBC69*, modiﬁed from Yost et al., 1996;
see Wikramanayake et al., 2003), Xenopus β-catenin coupled with the engrailed
repressor (β-catenin-en, Montross et al., 2000), a dominant negative form of Xenopus
GSK3β (Xl-dn-GSK3β; Emily-Fenouil et al., 1998; Wikramanayake et al., 1998, 2003;
Weitzel et al., 2004) and N. vectensis β-catenin coupled with GFP (Nvβ-catenin,
Wikramanayake et al., 2003) via PCR with SP6 and T3 primers. mRNA was generated
from these PCR templates via SP6-dependent RNA transcription, using the mMessage
mMachine mRNA synthesis kit (Ambion, Austin, TX) and puriﬁed using NucAway spin
columns (Ambion, Austin, TX). A linearized templatewas also generated from a plasmid
clone containing Lytechinus variegatus cadherin (LvCadherin, Logan et al., 1999) via PCR
with T7 and T3 primers. mRNA was then generated from this PCR template via T7-
dependent RNA transcription using the mMessage mMachine mRNA synthesis kit, as
described above. Synthetic mRNAs were quantiﬁed and concentrated via speed vac
centrifugation to 2–3 μg/μl for microinjection experiments. Rhodamine dextran (0.2 μg/
μl 10,000 MW, Molecular Probes, Eugene, OR) and glycerol (40%) were added to the
RNAs to facilitate injections.
Microinjections
Fertilized eggs were injected with morpholinos or RNAs using a PLI100 Pico-
Injector (Harvard Apparatus, Holliston, MA), as previously described (Henry and
Martindale, 1995). Successful injections were monitored via the lissamine
ﬂuorescent tag directly coupled to the morpholinos, or the ﬂuorescent dextran
co-injected with the various mRNAs, using a ﬂuorescence dissection microscope. A
range of volumes was injected between 2% and 5% of the fertilized egg, which
equals 10–20 pl (10−9 l). Uniform pressure and duration of injection pulses were
employed in an attempt to inject reproducible quantities of morpholinos. Con-
trol and experimental injections were performed using the same batches of em-
bryos and these injections were repeated using many different batches to ensure
reproducibility.t found in other organisms. N-terminal and C-terminal transactivation domains ﬂank 12
ng with the key amino acids involved in phosphorylation and ubiquitination located in
at the start site (highlighted in green), and the complementary morpholino sequence
id sequence of C. lacteuswith that of other species used to design peptides for β-catenin
nce based on Chaetopterus variopedatus sequence data, which was used to prepare the
al amino acid sequence found in mouse, human and Xenopus β-catenin, which was used
nin antibody. Orange shading indicates regions of identity with that of C. lacteus. Dashes
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Afﬁnity puriﬁed rabbit polyclonal antibodies were obtained from four different
sources that recognize the conserved C-terminal end of the β-catenin protein
(Figs. 3A, B). These antibodies were generated using synthetic peptides and recognize
β-catenin in a number of different species (including the frog Xenopus, Zebraﬁsh,
mouse, sea urchin, starﬁsh, the annelid Platyneries dumerillii, and sea anemone)
(McCrea et al., 1993; Schneider et al., 1993; Wikramanayake et al., 1998, 2003;
Miyawaki et al., 2003a,b; Schneider and Bowerman, 2007). One antibody (anti-p14L)
was generated using a synthetic peptide matching the C-terminal amino acid sequence
of mouse β-catenin (amino acids 768–781) that is identical to the corresponding region
in human and Xenopus β-catenin (Schneider et al., 1993). A second commercial
polyclonal antibody was obtained, which was derived using a peptide antigen
representing the same amino acid sequence (#C2206, Sigma, St Louis, MO). Anti-
Chaetopterus-β-catenin antibodies (anti-Cvβcat 2956) were also produced by immu-
nizing rabbits using a synthetic peptide speciﬁc for the polychaete annelid Chaetopterus
variopedatus C-terminal amino acid sequence (made by QCB, Biosource International,
Hopkinton, MA). The monoclonal antibody, anti-α-tubulin (#AB11304, Abcam,
Cambridge, MA) was used for protein loading controls.
Western blot analysis via SDS-PAGE and immunoblotting
Embryos for Western blots consisted of control and morpholino-injected cases that
were concentrated in microcentrifuge tubes, by gentle centrifugation at 4 °C and quick-
frozen at −80 °C in 5–10 μl of FSW for Western analysis (collected at 24–30 h of
development). Individual batches of injected embryos were prepared from ﬁve
repeated sets of injections using gametes obtained from ﬁve different pairs of adult
worms. The numbers of larvae in each tube were counted before freezing (ranging
between 181 and 217 larvae/tube), and matched for each set of injections. Each tube of
samples was separately ground with a pestle in 60 ul of sample buffer (2× Laemmli
buffer minus bromophenol blue) at RT and then boiled for 5min at 100 °C. Sample tubes
were centrifuged at 14,000×g for 5 min to pellet the insoluble material and supernatant
was transferred to a clean microcentrifuge tube. Protein content was quantiﬁed in
triplicate following the mini-Bradford method (Bradford, 1976), using a NanoDrop ND-
1000 spectrophotometer (Wilmington, DE). Measurements indicate that each larva
yields between 6 and 7 ng of protein following extraction. Bromophenol blue was then
added at a ﬁnal concentration of 0.02% to the remaining protein extract and samples
were separated using SDS-polyacrylamide gel electrophoresis. Protein extracts were
run on 7.5% Tris–HCl pre-cast gels (BioRad, Hercules, CA) for 30 min at 150 V. Proteins
were electrophoretically transferred onto 0.45 μm nitrocellulose membranes (Schlei-
cher and Schuell, Whatman, New Jersey), and standards were detected using Ponceau S
stain (0.25 g Ponceau S in 500 ul glacial actic acid; diluted to 50 ml with dH2O). Washes
were performed using 1× TBST (10mM Tris, pH 7.5; 100mMNaCl, 0.05% Tween 20), and
the blocking buffer consisted of 5.0% nonfat powdered milk in 1× TBST. Membranes
were rinsed in 1× TBST and then blocked for 2 h in blocking buffer. Immunoblots were
prepared using the following primary antibody concentrations diluted in blocking
buffer: α-p14L anti-catenin (Schneider et al., 1993, 1:1000), anti-Cvbcat 2956 (QCB,
Biosource International, Hopkinton, MA, 1:1000), anti-catenin (Sigma, 1:20,000) and
anti-alpha tubulin (Abcam, Cambridge, MA, 1:5000). Primary antibodies were
incubated overnight at 4 °C. Following ﬁve, 10 min washes in 1× TBST, membranes
were incubated at room temperature for 2 h with either goat anti-rabbit HRP or goat
anti-mouse HRP conjugated secondary antibodies (Jackson Immuno Research, West
Grove, PA) diluted 1:5000. Immunoreactive bands were visualized using either
SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL) or Immuno-
Pure Metal Enhanced DAB Substrate kit (Pierce, Rockford, IL) following the manufac-
turer's directions.
Results
Cloning of C. lacteus β-catenin
The full coding sequence of C. lacteus β-catenin (NCBI accession
number EU307105) reveals a highly conserved protein of 818aa with a
structure closely matching that of β-catenin isolated from other
species (Fig. 3 and supplemental material). For example, C. lacteus
β-catenin exhibits 82% identity to that of Chaetopterus β-catenin (668
of 813 amino acids, NCBI accession no. AAL49497), 77% to Platyneries
β-catenin (644 of 830aa, NCBI accession no. ABQ85061), 70% to Xe-
nopus β-catenin (567 of 799aa, NCBI accession no. AAI28669), 70% of
mouse β-catenin (563/830aa, NCBI accession no. NP_031640) and 71%
to Nematostella β-catenin (524 of 738aa, NCBI accession no.
XP_001634871). C. lacteus β-catenin contains identiﬁable, though
less highly conserved N- and C-terminal transactivation domains (see
Fig. 3 and supplemental material), including the N-terminal GSK3β
phosphorylation and ubiquitination sites. Between the two terminal
regions lies the highly conserved intervening 12 armadillo repeats,each containing three conserved helix domains, which have been
shown to be involved in the binding with E-cadherin in other species
(Fig. 3 and supplemental material). The conserved α-cadherin binding
domain is also present, which spans the N-terminal through the ﬁrst
and second armadillo repeats (Fig. 3 and supplemental material). This
structure is consistent with the bifunctional roles of β-catenin in both
cell adhesion and cell signaling (Schneider et al., 2003).
Localization of β-catenin during early development
Although all three anti-β-catenin antibodies tested in this study
recognized a single prominent band in C. lacteus homogenates on
Western blots (see below), none gave reliable signal in immunohis-
tochemical whole mounts. Therefore, a GFP tagged β-catenin fusion
protein was expressed in C. lacteus embryos to follow the localization
of β-catenin during early development. The cleavage pattern of
C. lacteus has been well characterized and a cell lineage fate map has
been established for each blastomere through the 64-cell stage, which
includes the birth of all four quartets of micromeres (see Henry and
Martindale, 1998). The generalized fates of these four quartets, as well
as the vegetal fourth quartet macromeres, are shown in Fig. 2B.
GFP-tagged Nvβ-catenin RNA was injected into fertilized eggs of
C. lacteus. Attention was made to limit the amount of RNA that was
injected, as over expression of β-catenin may swamp the degradation
pathway and can lead to widespread nuclearization of the protein
(Weitzel et al., 2004); however, we did not observe this condition in
our study. The identity of individual blastomere quartets and the
polarity of the early embryo can be assessed by the distinct cleavage
pattern, as well as the location of the animal polar bodies (see Figs. 2A
and 4A–C, J, M). Figs. 4D–I, K, L and N, O show the localization of GFP-
tagged β-catenin through early cleavage stages (approximately the
128-cell stage). Expression of GFP-tagged β-catenin is ﬁrst detected at
the 8-cell stage (approximately 2 h following injection) where it is
seen in the vegetal macromeres. Note that co-injected rhodamine
dextran ﬂuorescence was uniformly distributed throughout the
embryo (Figs. 4D–I, K, L, and N, O). During successive stages of
development, β-catenin becomes progressively restricted to the
vegetal macromeres both in the cytoplasm, as well as the nuclei of
those cells. Following each division, β-catenin is excluded from the
animal progeny and persists only in the vegetal macromeres (Figs. 4D–
I, K, L and N, O). For instance, between the 24-cell stagewhen the third
quartet micromeres (3q) have just been formed and the 32-cell stage,
β-catenin is eliminated in the third quartet micromeres and persists in
the four vegetal macromeres 3A, 3B, 3C, and 3D (Figs. 3E–G). Similarly,
during the following division, β-catenin ﬂuorescence disappears from
the fourth quartet micromeres (4a–d), but persists in the vegetal
macromeres (4A–D), which generate only endodermal tissues (Figs.
4H–L). Unlike the case in some other spiralians, the vegetal
macromeres continue to divide after the 64-cell stage in C. lacteus,
and GFP-tagged β-catenin ultimately persists in their vegetal progeny
(Figs. 4M–O).
Morpholino knockdown of β-catenin during development
To test whether β-catenin is required for the normal development
of endodermal precursors derived from the vegetal pole, fertilized
zygotes prepared from four different pairs of adult worms were
injected with either β-catenin morpholino (347 cases) or a standard
control morpholino (158 cases). Over 200 sibling control uninjected
embryos were also reared. β-Catenin morpholino-injected embryos
survived well with no apparent loss of cells. Early cleavage divisions
proceed normally; however, in contrast to the normal pattern of
development exhibited by the control morpholino-injected embryos
or the uninjected control embryos (Figs. 5A, C), the β-catenin
morpholino-injected embryos gave rise to larvae exhibiting a
characteristic and reproducible animalized phenotype (91% of the
Fig. 4. Expression of GFP tagged β-catenin protein during early cleavage stages in C. lacteus. Stages are as indicated. Note the progressive restriction of GFP-tagged β-catenin (green) to
the vegetal pole and vegetal macromeres (with pronounced nuclearization of β-catenin in these vegetal blastomeres). Panels A–C depict lateral views showing Hoechst nuclear
staining of embryos at each of the three stages depicted (16–32 cell stages). The animal pole is located towards the top. Panels D–F show corresponding ﬂuorescence micrographs to
those shown in panels A–C, respectively, illustrating the ubiquitous distribution of the co-injected rhodamine dextran (red) and the vegetal distribution of GFP-coupled β-catenin
(green). G shows a vegetal pole view of the embryo depicted in panels C and F. Panels H–I are lateral and vegetal pole views, respectively, of a somewhat older, 32–64 cell stage
embryo. Panels J–K depict lateral views of a 64-cell stage embryo. Panel J shows Hoechst nuclear staining. Panel K depicts corresponding ﬂuorescence micrograph, illustrating the
ubiquitous distribution of rhodamine dextran and vegetal distribution of GFP-coupled β-catenin. Panel L shows vegetal view of the embryo shown in panels J–K. The four vegetal
macromeres (4A–4D) ultimately give rise to endoderm. Panels M–N show lateral views of an embryo of approximately the 128-cell stage. Panel M depicts Hoechst nuclear staining of
the 128-cell stage embryo. Panel N shows corresponding ﬂuorescence micrograph illustrating the ubiquitous distribution of rhodamine dextran and vegetal distribution of GFP-
coupled β-catenin. Panel O shows vegetal view of the embryo shown in panels M and N. Arrowheads point to the vegetal macromeres for each of the stages illustrated. pb, polar
bodies. Scale bar equals 40 μm.
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and consisted of a hollow, ciliated, wrinkledmass of ectodermwith no
signs of dorsoventral polarity. These animalized larvae did not exhibit
the normal anterior-directional swimming behavior and formed anexcess number of elongated apical tuft cilia extending from super-
numerary expanded apical organ tissues (Figs. 5B, D). The adjacent
ectodermal tissues possessed a shorter length cilia similar to that
normally associated with the ciliary bands present on the lappets (Fig.
374 J.Q. Henry et al. / Developmental Biology 317 (2008) 368–3795B). In some cases, two large opposed apical organs were present,
whereas in others three or more variable-sized apical organs were
formed. The extent of the apical organ tissue could also be visualized
by phalloidin staining (110 cases), which labeled the roots of the apical
tuft cilia (Figs. 5C–F). No other internal phalloidin labeling was noted
in these larvae, such as that normally associated with the stomach or
larval muscle cells (normally derived from ectomesoderm). These
embryos were observed throughout early stages and with few
exceptions (see below), they did not undergo gastrulation. Further-
more, the animalized larvae contained no visible internal tissues (e.g.,
endoderm, Figs. 5B, D). The absence of any differentiated endodermal
tissue was veriﬁed by staining the larvae for gut esterase activity,
which was not detected in 211 of the 237 cases examined (Figs. 5G–H).
Eleven other cases appeared to exhibit normal morphology and were
positive for gut esterase activity, and the remaining 15 cases
developed abnormally, but exhibited some weak internal gut esterase
activity. In contrast, 158 control morpholino-injected embryos, as well
as over 200 uninjected control embryos, all contained a single small
apical organ and tuft, and underwent gastrulation to form internal
endodermal tissue and muscle ﬁbers. One hundred and forty-ﬁve of
the control morpholino-injected embryos displayed normal morphol-
ogy identical to that of the uninjected controls, with an anterior apical
organ bearing a single, small tuft of elongated cilia (Figs. 5A, C). The
other 13 control morpholino-injected cases developed abnormally,
but still formed visible internal gut tissue and a single small apicalorgan and ciliated tuft. One hundred percent of all control morpho-
lino-injected cases (119, Fig. 5G) and uninjected controls (over 200
cases, Figs. 7A, G) were esterase positive.
Morpholino injections dramatically reduced β-catenin protein
expression
To assess the efﬁcacy of these morpholino knockdown experi-
ments, Western blots were run to examine the relative levels of
endogenous β-catenin protein (Figs. 6A–E). An additional 996 control-
and 996 β-catenin-morpholino-injected embryos were prepared from
sibling embryos. Development of these embryos was similar to those
described above and over 90% of the β-catenin morpholino-injected
embryos exhibited an animalized phenotype. Three different anti-
bodies were tested and all recognized a prominent band of
approximately 100 kDa, similar to that seen for Platynereis β-catenin
(Schneider and Bowerman, 2007). The predicted size for C. lacteus is
89.4 kDa (818aa, supplemental material) while Platynereis is 91.4 kDa
(833aa, supplemental material). One of these antibodies, anti-Cvβcat
2956, also recognized a second band running at 78 kDa that might be a
degradation product of the full-length protein. β-Catenin is phos-
phorylated at speciﬁc sites in the N-terminal transactivation domain
by casein kinase I (ε) and GSK3β. There are also two threonines located
in the very C-terminal amino acid sequence of C. lacteus β-catenin,
corresponding to the region recognized by the various antibodies used
here. It is possible that the protein gets phosphorylated at these sites,
which could also affect the antibodies' ability to bind to the protein,
and the size at which the protein runs during PAGE. The results were
consistent for each of the different sets of injections. In one sample, no
β-catenin could be detected in the β-catenin morpholino-injected
group, but in all the other samples there was a faint band indicating
that low levels of β-catenin proteinwere still present (Figs. 6C–E). The
results indicate that there is signiﬁcant knockdown of protein levels in
the morpholino-injected embryos as compared to the controls.
Neither control nor β-catenin morpholino injections had an appreci-
able affect on the levels of control alpha-tubulin expression (Fig. 6B).Fig. 5. Comparisons showing phenotypes of typical larvae resulting from control
morpholino (A, C, E, G) and β-catenin morpholino- (B, D, F, H) injected zygotes. (A)
Darkﬁeld image of a 30-h-old larva resulting from a control morpholino-injected zygote
that developed normally, identical to un-injected controls (not shown here). Note the
presence of a single small tuft of elongated apical tuft cilia extending from the anterior
(animal) apical organ. The internal digestive tract is also present inside this larva. (B)
Darkﬁeld image of typical 30-h-old larvae resulting from a β-catenin morpholino-
injected zygote that did not undergo gastrulation to form a gut. Note the presence of
supernumerary apical tuft cilia and two greatly expanded apical organs in this
animalized larva. This larva also possesses other cilia similar to that found on the
lappets. (C) Higher magniﬁcation, differential interference contrast image of another
larva derived from a control morpholino-injected zygote cultured for 48 h. Note the
presence of awell-developed, internal digestive tract, as well as an anterior, apical organ
possessing an elongated apical tuft cilia. (D) Higher magniﬁcation, differential inter-
ference contrast (DIC) image of a second example of a larva derived from a β-catenin
morpholino-injected zygote cultured for 48 h, showing typical morphology of these
highly folded and collapsed larvae. Notice the presence of two greatly expanded apical
organs with numerous apical tuft cilia. More apical tuft cilia are actually present in this
larva than can be captured in the single focal plane of this DIC image. (E) Fluorescence
image corresponding to the larvae shown in panel C, which was labeled with Alexa 488
phalloidin to reveal the distribution of ﬁlamentous actin. Many labeledmuscle ﬁbers are
present as well as the high concentration of label in the apical organ, which is
characteristically associatedwith the “roots” of the apical tuft cilia. Themuscular, ciliated
stomach is also intensely labeled. (F) Fluorescence image corresponding to the larvae
shown in panel D. Nomuscle ﬁbers are present in this larva; however, intense phalloidin
staining is associated with the expanded, supernumerary apical organ tissues. (G)
Darkﬁeld micrograph showing typical pilidium larva developing from a control
morpholino-injected zygote, which was stained for gut esterase activity to label
differentiated endodermal cells. Note positive expression of gut esterase in the digestive
tract (internal dark staining). (H) Darkﬁeld view showing typical larva developing from
β-catenin morpholino-injected zygote. Note absence of dark staining as no cells ex-
pressed gut esterase. Panels A and G are right lateral views. Panels C and E are left lateral
views. ao, apical organ; at, apical tuft cilia; lp, lappet; lp?, potential lappet; mf, muscle
ﬁbers; st, stomach. Scale bar in H equals 70 μm for A–B, 45 μm for C–F, and 40 μm for G–H.
Fig. 6.Western blot conﬁrming the knockdown of β-catenin protein in larvae resulting from β-catenin morpholino-injected zygotes. (A) Protein size standards (ST) with molecular
weights as labeled. The position of the fainter 45 kDa band is also indicated. Control (CO) and β-cateninmorpholino- (MO) injected lanes are as labeled. (B) Lanes probed with anti-α-
tubulin antibody. Note single bands of 50 kDa. Each lane included 360 ng of total protein. (C) Aliquot of the same sample shown in B with lanes probed with PL14 anti-mouse
β-catenin antibody. Note single prominent band of 100 kDa. Each lane included 360 ng of total protein. (D) Different sample also probed with p14L anti-mouse β-catenin antibody. In
this case, each lane included the protein from 55 larvae. Note single prominent bands of 100 kDa. (E) Aliquot of the same sample shown in panel D with lanes probed with anti-
Chaetopterus β-catenin antibody. Note appearance of single prominent band at 100 kDa, and a second band at 78 kDa. Both lanes included the protein isolated from 55 larvae.
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development
Additional loss-of-function assays were performed to examine the
function of β-catenin in C. lacteus. Fig. 1A highlights the reagents used
in these assays. An mRNA encoding the cytoplasmic domain of
L. variegatus cadherin (LvCadherin) was injected into zygotes to bind
endogenous β-catenin, effectively reducing available levels of β-cate-
nin for signaling. A total of 122 larvae were collected from these
injections. Embryos derived from these injections generated animal-
ized larvae bearing elongated apical tuft cilia and did not express gut
esterase (34%, Compare Figs. 7A–B), similar to β-catenin morpholino-
injected embryos described above. Another 9% formed abnormal
larvae with only a small number of esterase positive cells. The re-
maining 57% of the cases developed normal appearing larvae that
expressed gut esterase.
In an alternative attempt to interfere with β-catenin signaling, an
mRNA encoding β-catenin coupled to the engrailed repressor
(β-catenin-en) was injected to inactivate gene targets normally
regulated by β-catenin. A total of 277 larvae were collected from
these injections. These injections also gave rise to similar larvae that
expressed little (22%, Fig. 7C) or no gut esterase (13%). The remaining
65% formed rather normal appearing larvae that expressed gut
esterase.
Gain of function assays of β-catenin vegetalize C. lacteus embryos
The results described above indicated that inhibiting β-catenin
function prevented gastrulation and led to over production of animal,
ectodermal fates. Therefore, two distinct β-catenin gain-of-function
experiments were also conducted to determine if these would result
in an opposite vegetal phenotype (Fig. 1A). Embryos were injected
with an mRNA encoding a dominant negative form of GSK3β (Xl-dn-
GSK3β), which is unable to phosphorylate β-catenin and target it for
the normal degradation pathway (Emily-Fenouil et al., 1998; Wikra-
manayake et al., 1998, 2003; Weitzel et al., 2004). A total of 169 larvae
were scored from these injections. Many of these gave rise to embryos
consisting entirely of endodermal cells that expressed gut esterase
(36%, Fig. 7D), or cases where there was an over abundance of cells
expressing gut esterase (37%). These embryos appeared to have
virtually no detectable ciliation and exhibited very little or no motion.
Likewise, there were no detectable muscle cells in these larvae as
assayed by phalloidin staining (data not shown). These cases
otherwise appeared to be healthy with no loss of cells. The remaining27% of the cases appeared to be normal and stained positive for gut
esterase. Finally, a GFP tagged mRNA encoding a constitutively
activated form of β-catenin (XBC69*), which lacks the key phosphor-
ylation sites required for casein kinase-I (ε) and GSK3β dependent
degradation, was injected into fertilized eggs (Yost et al., 1996;
Wikramanayake et al., 2003). Examination of living embryos with
ﬂuorescent microscopy revealed that GFP-tagged β-catenin was
expressed in 36% of all injected cases, as initially sorted by the
presence of the co-injected rhodamine dextran (Figs. 7E–H). A total of
72 cases were recovered that expressed GFP. In these cases, the GFP-
tagged β-catenin was found to have entered the nucleus of every cell
(Figs. 7E–F). These embryos formed larvae lacking ciliation that
consisted either entirely (90%) or almost entirely (10%) of endodermal
cells expressing gut esterase (compare Figs. 7G–H). There were no
detectable muscle cells in any of the vegetalized larvae assayed by
phalloidin staining (data not shown).
Antagonists of GSK3β, including LiCl as well as alsterpaullone and
azakenpaullone, were tested at various concentrations and over
different periods of development. While such agents have been used
to examine β-catenin function in other systems (Schneider and
Bowerman, 2007; Broun et al., 2005), they were not found to be useful
for study with C. lacteus. There was no evidence that these treatments
led to the increased production of endodermal cells as assayed by gut
esterase staining (data not shown). In fact, continuous 24 h treatments
with LiCl beginning after fertilization did not dramatically effect
development at concentrations up to 40 mM. Concentrations of
20 mM or less led to normal development, while higher concentra-
tions (40–80 mM) led to arrested development with no further cell
divisions. Treatments with 0.001–0.1 μM alsterpaullone and azaken-
paullone also did not effect development. Higher concentrations of
0.5–4 μm led to arrested development with no further cell divisions.
Control embryos treated with FSW containing the equivalent
concentrations of the solvent (DMSO) alone, always exhibited normal
development.
Discussion
In this study, a single β-catenin molecule was recovered in
C. lacteus that shares a highly conserved amino acid sequence with
other identiﬁed homologs (Fig. 3 and supplemental material). We
cannot, however, rule out the possibility that other paralogs exist in
the C. lacteus genome. In fact, β-catenins are known to have under-
gone gene duplication events in some ecdysozoans (soil nematodes)
and vertebrates, and this complicates an understanding of its ancestral
Fig. 7. Results of loss-of-function and gain-of-function assays employing various injected
mRNAs, as indicated. (A) Darkﬁeld micrograph showing typical uninjected, control
pilidium with positive expression of gut esterase in the digestive tract (internal dark
staining in this dorsal view). (B) Darkﬁeld micrograph showing representative larva
developing from zygote injected with mRNA encoding LvCadherin. Note absence of dark
staining as no cells expressed gut esterase. (C) Darkﬁeld micrograph showing
representative larva developing from zygote injected with mRNA encoding β-catenin
coupled to the engrailed repressor. Very few cells expressed gut esterase. Arrowhead
points to the small cluster of stained, esterase positive cells. (D) Darkﬁeld micrograph
showing representative larva developing from zygote injected with mRNA encoding the
dominant negative form of GSK3β. Note broad presence of dark staining, as all cells
appeared to express gut esterase. (E) Darkﬁeld micrograph showing a representative 32–
64-cell stage embryo that developed from a zygote injected with mRNA encoding a GFP-
tagged constitutively active form of β-catenin (XBC69*). (F) Corresponding ﬂuorescence
image showing ubiquitous expression of the GFP-tagged protein within the embryo
shown in panel E. Note cytoplasmic and nuclear localization of XBC69* within each
blastomere. (G) Transmitted light micrograph showing representative uninjected, control
pilidium larvawith positive expression of gut esterase in the digestive tract (internal dark
staining in this dorsal view). (H) Transmitted light micrograph showing representative
larva developing from a zygote injected with mRNA encoding the constitutively active
form of β-catenin (XBC69*), as shown in panels E–F. Note broad presence of dark staining,
as virtually all cells appeared to express gut esterase. Labels are the same as those used in
Fig. 5. Scale bar in panel H equals 45 μm for panels A–D, and 40 μm for panels E–H.
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polychaete annelid Cappitella sp. I, and the mollusc Lottia scutum,
suggest that a single ortholog was present in the ancestor of lopho-trochozoans. On the other hand the more highly derived platyhel-
minth ﬂatworm, S. mediterranea has three β-catenin genes (Gurley et
al., 2008).
The expression of GFP-tagged β-catenin in C. lacteus embryos
indicates that it is stabilized in only the vegetalmost cells at successive
cleavage stages and ultimately enters the nucleus of the vegetal-most
tiers of cells (i.e., macromeres, Fig. 1B; Fig. 4). A similar pattern of
differential stability of β-catenin to one pole of the animal–vegetal
axis has been demonstrated for other embryos including sea urchins
(Fig. 1B; Weitzel and Ettensohn, 2002; Weitzel et al., 2004), starﬁsh
(Miyawaki et al., 2003a,b), and sea anemones (Wikramanayake et al.,
2003). In this study, expression of GFP-tagged β-catenin was not seen
prior to the 8-cell stage, but was readily apparent by the 16-cell stage.
At the eight-cell stage faint localization of GFP-tagged β-catenin could
be detected in the vegetal macromeres of some embryos (data not
shown). Detecting the location of GFP fusion proteins at the earliest
stages of development can be difﬁcult because the protein has to be
translated and properly folded prior to visualization. Other mRNAs
coding for GFP-tagged proteins were uniformly expressed throughout
the embryo in C. lacteus (e.g., XBC69*, Fig. 7F).
In many metazoans, β-catenin signaling has been shown to be
involved in gastrulation, germ layer segregation, the determination of
cell fates along the animal–vegetal or anterior–posterior axis, and the
establishment of organizer activity required for elaboration of the
dorso-ventral axis (Nüsslein-Volhard and Wieschaus, 1980; Heasman
et al., 1994; Thorpe et al., 1997; Rocheleau et al., 1997; Kaletta et al.,
1997; Lin et al., 1998; Wikramanayake et al., 1998; Logan et al., 1999;
Polakis, 2000; Imai et al., 2000; Huelsken and Birchmeier, 2001;
Wikramanayake et al., 2003; Schneider et al., 2003; Miyawaki et al.,
2004; Niehrs, 2004; Takeshita and Sawa, 2005; Hilliard and
Bargmann, 2006; Huang et al., 2007; Schneider and Bowerman,
2007; Gurley et al., 2008; Petersen and Reddein, 2008). Similar roles
for β-catenin were found here for C. lacteus. The results of functional
tests corroborate the observed pattern of GFP tagged β-catenin
localization in C. lacteus, and indicate that β-catenin plays a role in
regulating cell fates along the animal–vegetal axis and is both
necessary and sufﬁcient for the development of vegetal, endodermal
cell fates. In C. lacteus, the animal–vegetal axis corresponds to the
anterior–posterior axis of the pilidium larvae (discussed further
below).
Injections of morpholinos targeting β-catenin lead to the devel-
opment of characteristic animalized larvae. In most samples it was
found that injected morpholinos targeting β-catenin generally did not
lead to the complete elimination of all of this protein, as detected via
Westerns blots. This indicates that either some β-catenin protein was
still being translated or possibly, some protein persisted (possibly as
maternal protein), which could have been bound with cadherin in
stable complexes. It is likely, however, that the residual amount of β-
catenin detected in most samples was present in the small number of
larvae that were included that appeared to undergo gastrulation and
formed endodermal tissues (as no attempt was made to sort these
cases). In any event, the resulting animalized development suggests
that little or no β-catenin was available to activate downstream genes
required for gastrulation and endodermal speciﬁcation in the vast
majority of cases. Likewise if therewere any residual maternal protein,
one could argue that this is not sufﬁcient to support normal pattern
formation in those embryos injected with morpholinos targeting
β-catenin. Reagents designed to reduce the cytoplasmic availability if
β-catenin (via expression of LvCadherin) or by repressing down
stream gene activation (via expression of β-catenin coupled to the
engrailed repressor domain) also caused a highly reproducible
animalized phenotype. In contrast to knock-down approaches, stabi-
lizing β-catenin in C. lacteus (via expression of dominant negative
GSK3β or a constitutively activated form of β-catenin, XBC69*)
resulted in embryonic cells that were converted to an endodermal
fate, as predicted by the observed pattern of localization to vegetal
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exhibiting these phenotypes (35–73%) was lower than that generated
by the morpholino injections (91%). This was likely due to the fact that
the transcripts were not expressed in all cases (e.g., only 36% of the
XBC69* mRNA-injected cases expressed the GFP-tagged protein).
Together, these data support the notion that β-catenin is both
necessary and sufﬁcient to generate endodermal fates, and is con-
sistent with its role in both sea urchins (Weitzel and Ettensohn, 2002;
Weitzel et al., 2004) and the sea anemone (Wikramanayake et al.,
2003).
As mentioned earlier, the endoderm is formed by both the fourth
quartet macromeres (4A–4D) and the fourth quartet micromeres (4a–
d) in C. lacteus (Fig. 2; Henry and Martindale, 1998). It is possible that
β-catenin plays an important early role in the development of the
latter. In fact, we do not know exactly when β-catenin is required to
activate downstream targets involved in the formation of endodermal
lineages. β-Catenin may act within the progenitors of all these
endodermal cells (e.g., the third quartet macromeres, 3A–3D), prior to
their formation at the sixth cleavage division. One of these
endodermal progenitors, 4d, also gives rise to the mesentoblast
bands (Fig. 2, Henry and Martindale, 1998). Other mesodermal cells
(larval muscles) are derived from two of the third quartet micromeres
(3a and 3b). No larval muscles were detected in any of the animalized
or vegetalized larvae examined in this study. It would appear that β-
catenin plays a role in the development of those cells, though this
could be an indirect one involving inductive interactions from the
vegetal macromeres.
The data presented here are also consistent with a fundamental
role of β-catenin in the speciﬁcation of “posterior” fates (e.g.,
endoderm), as established in other metazoans (Nüsslein-Volhard
and Wieschaus, 1980; Kaletta et al., 1997; Lin et al., 1998; Miyawaki et
al., 2004; Niehrs, 2004; Holland et al., 2005; Takeshita and Sawa,
2005; Hilliard and Bargmann, 2006; Huang et al., 2007; Schneider and
Bowerman, 2007; Gurley et al., 2008; Petersen and Reddein, 2008).
The embryonic animal–vegetal axis coincides with the anterior–
posterior axis of the pilidium larva in this indirect-developing
heteronemertean, as established by the placement of the apical
organ, and the direction of larval locomotion. On the other hand, it
should be noted that the adult worm develops from a set of imaginal
rudiments within the larvae and the adult anterior–posterior axis is
orthogonal to that of the larva (Henry and Martindale, 1997). It would
be interesting to determine if β-catenin also plays a role in specifying
posterior fates in the adult worm. This would be very challenging,
however, as it can take months for the juvenile adult to form, and no
one has succeeded in raising these animals throughmetamorphosis in
captivity. Nuclear β-catenin appears to be necessary for endoderm
formation in the cnidarian N. vectensis (Wikramanayake et al., 2003),
which is formed at the animal (anterior) and not the vegetal
(posterior) pole, suggesting that β-catenin might be involved with
cell type rather than axial speciﬁc positional cues.
β-Catenin has been studied in another closely related spiralian
lophotrochozoan, the polycheate annelid P. dumerilii (Schneider and
Bowerman, 2007). Those investigators used a cross-reactive antibody
(anti-p14L) to show that β-catenin was differentially stabilized within
the vegetal daughter cells following each pair of equatorial cell
divisions occurring in the early embryo (Fig. 1B; Schneider and
Bowerman, 2007). There are also a few exceptions to this pattern in
some sub-lineages where nuclear β-catenin may be entirely absent or
present in the animal daughters of certain divisions. These results
differ from our observations, since in P. dumerilii the anterior daughter
cells re-expressed β-catenin during interphase, only to be degraded
again in the animal daughter during telophase of the following
division, and this cycle is repeated with each set of equatorial divisions
in every tier of embryonic cells along this embryonic axis. We never
observed the re-expression of β-catenin in animal cells in C. lacteus
using injected mRNA encoding GFP-tagged β-catenin. These resultssuggest that β-catenin gene expression during cleavage stages in
P. dumerilii is differentially regulated, possibly at both the transcrip-
tional as well as the post-translational levels.
Drug treatments in P. dumeriliiwhich stabilized β-catenin (i.e., the
use of GSK-3β inhibitor Alsterpaullone, or Azakenpaullone) caused
animal daughters to assume their vegetal sister cell fates, as assayed
by ciliation patterns (Schneider and Bowerman, 2007). Related
treatments in C. lacteus (i.e., expression of XBC69* or Xl-dn-GSK3β),
described above, did not generate ectopic cilia, even though fate maps
show that cilia are generated from the same cell lineages as in
P. dumerilii (Henry and Martindale, 1998; Ackermann et al., 2005).
β-Catenin is found in the nuclei of vegetal endodermal precursors in
P. dumerilii, but its function in endodermal speciﬁcation was not
examined (Schneider and Bowerman, 2007). Considered together,
these ﬁndings indicate that the role of β-catenin in the speciﬁcation of
speciﬁc cell lineages in C. lacteus differs from that in P. dumerilii. These
observations suggest that the β-catenin signaling pathway may have
been co-opted for roles in mesodermal development (i.e., vertebrates)
and in regulating asymmetric cell divisions in other embryos (i.e.,
nematodes and a polycheate annelid).
The reiterative pattern of embryonic β-catenin localization seen in
P. dumerilii (Schneider and Bowerman, 2007) is similar to that seen in
the ecdysozoan C. elegans (Kaletta et al., 1997; Thorpe et al., 1997;
Rocheleau et al., 1997; Lin et al., 1998; Park and Priess, 2003; Takeshita
and Sawa, 2005; Phillips et al., 2007; Huang et al., 2007). This is in
contrast to the pattern reported here for C. lacteus, as well as for
several dueterostomes (Weitzel and Ettensohn, 2002; Weitzel et al.,
2004; Miyawaki et al., 2003a,b), and the basal metazoan, N. vectensis
(Wikramanayake et al., 2003), as shown in Fig. 1B. One can speculate
that the patterns exhibited by P. dumerilii and C. elegans, which
regulate the polarity of sister cell fates at each division, may be derived
from a more ancient pattern that regulated polarity along the
embryonic (animal–vegetal) axis. Clearly, additional taxa need to be
examined to sort out these potential evolutionary changes. In
particular, it is important to sample more extensively within the
ecdysozoans and lophotrochozoans, in addition to more basal groups
such as the ctenophores, placozoans and acoel ﬂatworms.
The ﬁndings presented here provide an explanation for the results
of previous experimental investigations in C. lacteus demonstrating
that animal and vegetal halves of 8-cell stage embryos, bisected
through the third equatorial cleavage plane, exhibited different dev-
elopmental capacities (Zeleny, 1904; Yatsu, 1910; Hörstadius, 1937,
1971; Freeman, 1978; Henry, 2002). The animal fragment consisting of
the ﬁrst quartet micromeres formed a ciliated larvae with elongated
apical tuft cilia and did not form endoderm (Freeman, 1978). The
vegetal macromeres were unable to form apical tuft cilia but had
undergone the process of gastrulation and differentiated a digestive
tract expressing gut esterase activity (Freeman, 1978) as well as
muscle ﬁbers (Henry, 2002). This localization of apical tuft and
endodermal developmental potential did not exist at earlier develop-
mental stages (Freeman, 1978). Thus, the progressive localization/
stabilization of vegetal “determinants” in C. lacteus can now be
understood in light of the differential degradation or β-catenin in
animal blastomeres and the requirement of β-catenin in vegetal
macromeres. The spatial activity of β-catenin in sea urchins and the
sea anemone is regulated by the protein dishevelled (Weitzel et al.,
2004; Lee et al., 2007), hence, it will also be important to determine if
this gene plays a similar role in C. lacteus.
The nature of the defects seen following β-catenin knockdown
point to additional direct or indirect functions of this gene. Loss-of-
function assays leading to the down regulation of β-catenin results in
radialized larvae that fail to gastrulate, exhibit no signs of dorso-
ventral polarity and form an abundance of apical tuft cilia. It is known
that in C. lacteus, like other equal-cleaving spiralian embryos,
interactions between animal and vegetal blastomeres are causally
required for dorso-ventral polarity formation (Henry, 2002). The
378 J.Q. Henry et al. / Developmental Biology 317 (2008) 368–379localization of β-catenin begins prior to the time these inductive
interactions occur, so it is likely that one of the roles of β-catenin may
be to permit vegetal cells to detect, or respond to these polarizing
signals. Likewise, β-catenin may be required for the organizer activity
of the dorsal (D) quadrant. Vegetal cells not only generate endodermal
fates, but also may serve to modulate animal hemisphere develop-
ment (e.g., restrict the differentiation of the apical organ to derivatives
of the animal-most ﬁrst quartet micromeres) and establish the
dorsoventral axis. Likewise, animalization in sea urchins is accom-
panied by the failure of gastrulation, expansion of the apical plate and
over-expression of neural cell types (Hörstadius, 1973; Nakajima et al.,
1993), suggesting that the anterior ectodermal cell fatesmay represent
a basal, default embryonic condition, and that the nuclearization of
β-catenin might be a pivotal step in the evolution of distinct germ
layers in metazoan evolution (Wikramanayake et al., 2003).
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